Introduction
============

In the last decades, research in the fields of sport, neuroscience, and psychology, has sought to better understand the role of sounds on perceptual-motor processes from multiple angles of investigation. In applied research, there has been a great interest in how auditory information affect the production of complex movements and how it may be used in sports training and movement rehabilitation to improve motor performance in athletes, healthy individuals, and patients affected by neurological or movement disorders (e.g., [@B81]; [@B270]; [@B188]; [@B211]; [@B274]; [@B297]; [@B103]; [@B104],[@B105]). However, this body of research is scattered both across time and scientific disciplines. Therefore, the aim of this paper is to provide an overview about the interaction between movement and sound and review the current literature regarding the effect of acoustic information to improve movement execution, control, and (re)learning in sports and motor rehabilitation.

The first section of the paper (Key topic 1) focuses on sports movements and presents an overview of studies investigating the effect of natural movement sounds and sonification in athlete performance enhancement. Natural movement sounds refer to real-time and naturally occurring acoustic information in the form of auditory reafferences, such as the sound resulting from the contact phase of the feet meeting the ground or the physical impact of limbs or equipment with air/ground/water/ball ([@B142]; [@B211]). Natural auditory signals provide a large amount of information about movements that are readily available to the listener ([@B99],[@B100]) and may be used in sport training to inform or enhance task-intrinsic feedback ([@B81]; [@B270]; [@B274]). Another line of research is dedicated to the development of perceptual strategies based on auditory information to assist movement execution and control through sonification. Sonification involves the transformation of kinematic and dynamic movement parameters into non-speech artificially produced sounds in order to improve motor perception and performance ([@B86]).

The second section (Key topic 2) addresses the use of sounds in motor rehabilitation. Firstly, we focus on rehabilitation methods that administer auditory rhythmic cues to improve motor function in Parkinson's disease (PD) and post-stroke, such as Rhythmic Auditory Stimulation (RAS) ([@B291]; [@B188]). Secondly, we consider studies investigating the application of movement sonification (i.e., real-time artificially produced sounds or musical sonification) to assist in the rehabilitation of motor functions in PD and stroke. Note that musical sonification differs methodologically from music-supported therapy, where the former is a relatively novel approach that uses measuring systems (e.g., inertial sensors) to map different movement parameters using musical components, and the latter involves repetitive exercises using musical instruments to retrain motor functions, thus not providing continuous real-time movement feedback (see for review, [@B71]; [@B337]; [@B271]). Studies addressing background music or applying music as auditory feedback are beyond the scope of this review.

In the third section (Key topic 3), we provide an overview of current evidence regarding the neural mechanisms involved in auditory-motor coupling. Particularly, we describe brain regions involved in auditory-motor coupling and address the role of mechanisms such as auditory-motor entrainment, auditory mirror neurons, and sensorimotor integration. By organizing and providing a critical appraisal of the current research, we attempt to develop a framework for future applied and clinical research on the effects of auditory information for motor control and (re)learning.

Methods
=======

Search Strategy
---------------

The systematic searches included numerous electronic literature databases (e.g., MEDLINE, EMBASE) and trial registers, as well as hand-searching of major journals, abstract books, conference proceedings and reference lists of retrieved publications. Also, potentially relevant texts known to the reviewers were included.

Study Selection
---------------

The search and screening process for relevant literature is shown in **[Figure 1](#F1){ref-type="fig"}**. The titles of all retrieved publications were checked, duplicates were removed, and those publications related to other fields of research were excluded. The initial screening resulted in 345 remaining publications, which were further screened for eligibility based on the following criteria: (a) the work must be published in full in English language, (b) must be based on original data, and (c) must be related to the field of auditory information within the context of sport or sport-related activities, and rehabilitation. Publication abstracts and full texts were used to perform a thorough check of these criteria. After this step, 222 publications were identified and included in this paper, of which 131 papers are clinical or applied studies investigating the effect of auditory information in sports and motor rehabilitation.

![Overview of the search and screening process for the relevant literature.](fpsyg-10-00244-g001){#F1}

Results
=======

Key Topic 1: Natural Movement Sounds and Movement Sonification in Sports
------------------------------------------------------------------------

### Natural Movement Sounds

The role of natural movement sounds in auditory action-perception coupling has been studied in sports domains and daily physical activity as part of more general research. Among the topics investigated, studies have examined the influence of natural movement sounds on movement execution ([@B2]; [@B142]), sense of agency (self vs. other) ([@B189]; [@B140],[@B141]), action anticipation ([@B51]; [@B4]; [@B49]; [@B275], [@B276],[@B277]; [@B50]), and motor learning ([@B212]).

Natural movement sounds carry rich auditory information that has direct physical correspondence to their referent event(s), providing crucial information that may be used to inform or enhance task-intrinsic feedback ([@B81]; [@B270]; [@B274]). One of the direct effects of the presence of natural movement sounds is improving athletes' movement execution, as shown in a study investigating hammer throwing ([@B2]). The role of auditory information on movement execution has also been investigated by manipulating the amount or the temporal features of feedback provided to athletes. It has been shown, for instance, that deprivation of auditory feedback hindered the performance of experienced tennis players by decreasing receiving service precision ([@B283]). [@B142] examined whether the sounds of the steps during running would influence hurdling performance and found that temporally delayed auditory feedback decreased athletes' performance by slowing down the time to complete the track and affecting the motion sequence during the first trials where the manipulation was presented. However, there were no differences in movement execution when comparing normal real-time auditory feedback condition and white noise.

Natural movement sounds also provide fundamental information about agency and facilitate the discrimination of one's own from another person's movement. The role of specific sound features on the sense of agency has been recently investigated in sports such as golf ([@B189]) and hurdling ([@B140],[@B141]). [@B189] found that expert golfers could identify the recorded sounds of their own golf swings from those of other athletes based on the temporal features of the movement sound, such as the overall action duration (i.e., how long the swing movement lasted from beginning to end) and the rhythmic patterns of the backswing and downswing movement. [@B140],[@B141]) also found that athletes could distinguish between their own hurdling movements from those of others' on the basis of the auditory information, using a variety of sound characteristics (e.g., hurdling step structure, amplitude of the sounds) to build a holistic representation of their own and others' movements.

Research has also shown that athletes are able to extract relevant information from the sounds generated by their own or others' movements to predict and anticipate actions based on changes in the environment or the opponents' behaviors. It has been demonstrated, for example, that expert basketball players can detect the movement intentions of an opponent and prediction their running direction based on the sounds generated by the opponent's movements ([@B49]). [@B51] found that the ability to precisely anticipate and reproduce a skateboarding jump based only on movement sounds was superior for experienced athletes than for non-experts. Specifically, only experts were able to modify their underfoot force and apply muscle synergies that were essentially similar to those used during a real jump on a skateboard only by hearing the movement sounds. Similarly, studies have also demonstrated that auditory information generated by movements may be used to predict a attack movement in fencing ([@B4]), the shot power in soccer ([@B275], [@B276]), and the length of volleyball serves ([@B277]). These behavioral data collectively indicate that the auditory-motor coupling generated during extensive training significantly interacts with athletes' internal motor simulation as experienced athletes are not only able to extract highly specific information from action-related sounds but also use this information to anticipate another person's movements based on action prediction mechanisms.

The short- and long-term effects of acoustic reafference to improve movement control and learning of complex movements has been recently investigated. [@B212] tested a training protocol where natural step sounds produced during hurdling were recorded and presented before each trial with modulated tempo in relation to baseline: faster tempo, slower tempo, or normal tempo. Results showed that the presentation of the auditory information increased overall performance for all groups at short-term, enhancing running time and movement technique. When considering the long-term effects, findings suggested that only the groups that received acoustic information with modulated tempo (faster or slower) further increased performance at a 10-week retention test, whereas the performance of the group who trained with normal auditory feedback declined. These results indicate that, while acoustic information during training have immediate effects on athletes' performance, repeated training with modified temporal acoustic information may be more effective and contribute to the development of a richer internal representation of the movement.

### Movement Sonification

Sonification, as the transfer of movement data into non-speech audio signals, refers to the mapping of physiological and physical data onto psychoacoustic parameters (i.e., loudness, pitch, timbre, harmony and rhythm) in order to provide on- and/or offline access to biomechanical information otherwise not available (for an overview see [@B88], [@B87]; [@B81]; [@B270]; [@B151]; [@B211]). Movement sonification thus aims to assist movement control, execution, and planning by improving self-awareness of physiological processes underlying movement execution and optimizing movement regulation and control ([@B86]).

The potential use of real-time movement sonification has motivated researchers to investigate the effectiveness of sonification as additional real-time acoustic information in sport training to enhance athletic performance in a wide range of sports (see **[Supplementary Table 1](#SM1){ref-type="supplementary-material"}**), including: running ([@B91]; [@B37]; [@B40]; [@B242]), aerobics ([@B124]), rowing ([@B80]; [@B246]; [@B325]; [@B53]), swimming ([@B123]; [@B52]), sailing ([@B284]), cycling ([@B268]; [@B244]), speed skating ([@B109]; [@B280]; [@B41]; [@B110]), skiing ([@B144]; [@B118]), golf ([@B145]; [@B201]), juggling ([@B39]), German wheel ([@B135]), squat jumps ([@B195]), motorsport ([@B214]), recreational sports ([@B24]), postural control ([@B15]), slackline ([@B11]), handball ([@B128]), basketball ([@B219]), elastic trampoline ([@B218]), and manual wheelchair training and operation ([@B5]).

Investigations examining the use of sonification in elite or high-performance sports have demonstrated that the presentation of artificially generated sounds optimize movement control and execution (e.g., stability, velocity, pattern and force symmetry) in sports such as swimming ([@B60], [@B59]), rowing ([@B245], [@B251]; [@B246], [@B249], [@B250]), and cycling ([@B268]; [@B244]). For instance, [@B60], [@B59]) examined the effects of the presentation of concurrent auditory signals of hydrodynamic pressure exerted by the athlete's hand during the propulsive action in crawl swimming. Movement data were transformed into auditory signals of equal amplitude and mapped on to pitch so that higher pressure was displayed as a higher pitch. The study results indicated that real-time sonification allowed swimmers to maintain stroke velocity improving movement stability and control ([@B60], [@B59]). Schaffert and colleagues investigated the influence of acoustic feedback in elite rowing ([@B245], [@B251]; [@B246], [@B249], [@B250]) and elite para-rowing ([@B248]). For that, we measured the propulsive boat acceleration trace and converted this information into pitch changes so that athletes perceived an increase in pitch the more the boat accelerated. These studies repeatedly found that movement sonification led to faster boat speeds, increased distances traveled per stroke, and improved crew synchronization compared to training without additional auditory information ([@B245], [@B251]; [@B246], [@B248],[@B249], [@B250]). In cycling, [@B244] demonstrated that the continuous real-time auditory information allowed cyclists to perceive fluctuations in forces applied on the pedals and consequently adapt muscle activation to maintain a consistent movement execution pattern and symmetry.

Real-time auditory signals may also enhance athletes' self-awareness during movement execution by providing auditory feedback otherwise not available. This has been shown in studies evaluating the effect of sonification on exerted muscle power in resistance training and weightlifting ([@B192]; [@B331], [@B332]), precision rifle shooting ([@B150]) and inter-limb coordination in gymnastics ([@B26]). [@B331], [@B332]) examined the potential of real-time sonification to improve the quality of resistance training. Muscular activity (biceps curl) was measured with electromyographic sensors and sonified in relation to the biceps contractions and extensions so that the more effort was exerted the brighter the tone of the sound. The results showed that the auditory information provided concomitant with the movement helped athletes to maintain the pacing of their movement and improve exercise metrics with greater average repetition range and total effort. [@B192] also showed that high-intensity sounds presented during the bench-press phase of weightlifting facilitated exerted mean muscle power compared with no sonification. [@B150] investigated the effects of augmented auditory feedback on precision rifle shooting. The auditory signal informed shooters about rifle alignment by mapping the distance between their aiming point and target center. The study results showed improved shooting performance in the post- and retention tests (after 10 and 40 days) compared to a control group, suggesting that the auditory feedback enhanced shooters' ability to detect errors in body alignment and modify their movements to improve rifle stability and shooting precision. The presentation of auditory information not usually available to athletes' also improved inter-limb coordination in gymnastics. [@B26] examined the effects of auditory concurrent feedback on body segmental alignment and inter-limb coordination on experienced male gymnasts during the performance of a circle on a pommel horse. A two-part device (with one piece placed on the upper back and the other -- a spring -- placed on the knee's backside, both linked with a cable) informed gymnasts about the bent position of the body with an auditory signal. Positive effects on body segmental alignment were found after 2 weeks of training, with gymnasts in the experimental group improving their percentage of maximum body segmental alignment whereas no gains in body alignment were observed for the control group.

Sonification has also been applied during sports training to inform athletes about performance error/deviation in real-time. Collectively, studies in sports training such as handball ([@B128]), sailing ([@B284]), speed skating ([@B109]; [@B110]), and basketball ([@B219]) indicate that the availability of real-time auditory feedback enhances online error-correction mechanisms during movement execution and facilitate the learning of a new motor skill. In speed skating, for instance, [@B109] provided corrective sonic feedback to an elite athlete with difficulties to perform the cross-over stride movement. The skating stride was matched to a model skater and the differences were sonified. Based on this sonification model it was possible to provide warning cues, timing, and body position information in real-time, allowing the athlete to make corrections and adjustments during movement execution. Sonification modeling was also tested to improve jump shot in basketball with 20 novice participants ([@B219]). For that, one group received visual information from a professional player (model) as well as additional auditory information derived from the angular speed of the elbow joint of the player, whereas the second group only received visual information from the player. The findings indicated that the group who received audiovisual information outperformed the group that received only visual information in both the acquisition and retention tests, suggesting that auditory information may facilitate the acquisition and retention of a new motor skill.

Research indeed suggests that real-time auditory feedback supports the learning and retention of new motor skills. Studies collectively indicate that the acquisition of a new skill or movement technique (e.g., swimming stroke technique, precision shooting, inter-limb coordination in gymnastics, rowing technique, and basketball jump shots) is facilitated when auditory information is provided during the acquisition of a new motor skill (e.g., [@B59]; [@B150]; [@B26]; [@B219]; [@B247]). Moreover, with ongoing training, the sonification of the movement is integrated into an internal representation of that skill, thus enhancing the efficacy of motor learning ([@B87]).

Key Topic 2: Rhythmic Auditory Stimulation and Movement Sonification in Rehabilitation
--------------------------------------------------------------------------------------

### Rhythmic Auditory Stimulation (RAS)

Rehabilitation programs use rhythmic auditory cues as a means to enhance auditory-motor synchronization and promote sustained functional changes to movement (e.g., [@B286]; [@B291]; [@B188]). In particular, rhythm-based techniques use rhythmic patterns to prime the motor system by providing continuous time references that generate expectations for when auditory events will occur or when a movement needs to be performed. The foreknowledge of the duration of the cues allows movement anticipation and motor preparation, hence increasing the quality and precision of the motor responses ([@B297]). Specifically, RAS is a rehabilitation technique that involves the utilization of rhythmic cues (metronome or rhythmically accentuated music with embedded metronome clicks) to facilitate rehabilitation of intrinsically rhythmical movements ([@B294]; [@B291]). RAS can be used as an immediate entrainment stimulus providing rhythmic cues during movement or as a facilitating stimulus for training to achieve more functional movement patterns. This technique typically uses simple metronome beats matched to the patient's baseline gait, but walking cadence can also be facilitated by using metronome beats embedded in musical patterns that are 5--10% faster than baseline ([@B301]). Alternative versions of RAS include metronome sounds embedded in expert-selected ([@B179]) or patient-selected music ([@B301]). In these studies, it was proposed that the musical texture would provide additional timing information compared with metronome alone, thus facilitating detection, anticipation, and synchronization to the beat ([@B300]). A modification of RAS can also be found in the literature as Rhythmic Auditory Cueing (RAC), which is defined as the application of repetitive isochronous beats. Although the terminology may differ in different disciplines, the basic underlying principle of these techniques is the same.

There is robust evidence of the effectiveness of RAS to improve movement in PD patients (reviewed in [@B240]; [@B164]; [@B230]; [@B287]; [@B278]; [@B323]; [@B229]; [@B243]; [@B188]; [@B297]; [@B105]), stroke (for review, [@B287]; [@B333]), traumatic brain injury (e.g., [@B136]), multiple sclerosis (e.g., [@B62]; [@B264]; reviewed in [@B103]), and cerebral palsy (e.g., [@B153]; [@B143]; [@B23]; [@B154]; [@B104] for an overview). As the scope of this paper does not allow for a thorough description of all relevant clinical literature using RAS on motor rehabilitation, here we provide a brief overview of representative clinical studies using RAS in PD and post-stroke.

#### Parkinson's disease

Gait disturbances such as shuffling, freezing of gait, instability (asymmetry and variability between steps) and general difficulties in walking movements and posture are among the most apparent symptoms of PD ([@B36]; [@B231]). Typically, PD patients with impaired gait have difficulty in regulating stride length ([@B187]) and tend to walk with reduced velocity and increased cadence or step rate ([@B146]). One probable origin of gait impairment in PD is deficient internal motor timing mechanisms due to basal ganglia dysfunction. Studies have also suggested that the irregular timing of walking pace may be associated with disturbances of coordinated rhythmic locomotion ([@B85]; [@B302]; [@B272]) and sensorimotor synchronization ([@B34], [@B33]).

[@B301] first described the effect of rhythmic entrainment on gait patterns in PD by demonstrating that patients who underwent 30 min of daily home-based gait training with RAS significantly improved their gait velocity, stride length, and step cadence after 3 weeks of intervention in relation to controls. These findings were later confirmed by several studies (e.g., [@B179]; [@B96]; [@B72]; [@B197]; [@B12], [@B13]; [@B132]; [@B273]; [@B204]). Studies have also found that RAS training can have positive carry-over effects on movement from a few minutes to up to 4 weeks ([@B179], [@B180]; [@B196]). Other beneficial outcomes include increase in the symmetry of muscle activation in upper and lower limbs ([@B172]; [@B18]), and reduction of timing variability ([@B184]), resulting in more stable walking ([@B294]; [@B121]; [@B132]). A recent study also found positive effects of RAS for the facilitation of gait relearning ([@B312]). Additionally, there are indications that RAS is superior in maintaining gait performance during dual-tasks due to low cognitive attentional load ([@B19]). This robust body of literature has been recently summarized and analyzed in systematic and meta-analysis studies, which concluded that rhythmic auditory information is generally an effective therapeutic tool for treating gait disturbances in PD (see [@B278]; [@B243]; [@B105]).

Although the application of rhythmic auditory information in gait training is well-established, the use of rhythm-based interventions to improve PD symptoms such as freezing of gait and risk of falls is still under investigation. In relation to freezing of gait, [@B320] found no beneficial effects of RAS on freezing of gait in patients with less severe symptoms, but [@B75] and [@B213] reported positive effects of RAS on gait initiation and freezing of gait in PD patients. A recent review ([@B108]) also concluded that cue-augmented training can reduce the severity of freezing in PD patients, but limitations in long-term consolidation and transfer of the effects to untrained tasks need to be considered in this population. RAS has been also recently applied to reduce falls or risk of falls in healthy elderly ([@B137]) and PD patients ([@B303]). These studies collectively found that RAS training significantly reduced the number of falls in healthy individuals and PD patients by modifying key kinematics in gait control, thus suggesting that RAS may be beneficial to address the risk of falls.

A recent line of research has focused on whether specific parameters of the acoustic cues can influence the results of rhythm-based interventions for PD by comparing, for instance, differences between music and isochronous sounds (i.e., metronome) with interactive cueing systems that adapt to the patient's gait (see review in [@B14]; [@B131]). For instance, [@B190] compared whether the nature of the stimulus presented would influence the effectiveness of RAS by providing ecological footstep sounds as auditory information. For that, one group of PD patients completed 5 weeks of supervised rehabilitation training that included walking while listening to ecological footsteps sounds, whereas the second group of patients walked listening to artificial stimuli (e.g., metronome). The overall conclusion of the study was that biological motion sounds such as footsteps are as effective as the metronome, but exploratory analyses of biomechanical measures suggested that there may be some differences in improvement linked to the type of auditory stimuli. Similarly, [@B77] tested biological variability in auditory stimulus vs. isochronous cues and found superiority of biologically variable auditory cues in fostering natural gait variability in PD patients; however, the authors limited their analysis to only immediate and likely transient effects of cueing. [@B336] found that action-relevance was a more dominant factor in facilitating improvements in gait parameters than acoustic continuity. Finally, [@B22] examined the effectiveness of a device that provided a clicking sound generated in response to every step taken by the patient and found that closed-loop auditory feedback produced better results than open-loop auditory cues (e.g., metronome) in relation to gait speed. It is important to note, however, that the use of closed-loop auditory feedback information stands in contrast to metronome-based approaches in relation to a critical component, that is, the use of external auditory cues as predictable feedforward information transmitted by the steady rhythmic information.

Negative effects of RAS were reported when auditory cues were presented at rates much slower (e.g., 20%) or much higher than the patient's preferred gait ([@B74]; [@B198]). [@B12] and [@B67] also suggested that RAS efficacy may depend on individual characteristics, including severity of disease symptoms and impaired ability to synchronize to the beat. However, there are indications that beat perception may be of lesser importance due to evidence of the primacy of period entrainment over phase/beat entrainment during small tempo perturbations (e.g., [@B288],[@B289]; [@B227]; [@B292]).

Overall, research using RAS and rhythmically enhanced-music show consistent evidence of the improvement of motor function in PD. Moreover, recent studies have extended the application of RAS to other non-motor functions (for review, see [@B287]). For instance, studies have indicated that RAS training enhances patients' performance in both motor timing (movement synchronization, tapping) and in perceptual timing tasks (duration discrimination, beat detection in music), supporting the hypothesis that RAS engages brain networks involved in both perceptual and motor timing ([@B29]; [@B68]).

#### Stroke

Motor impairment is one the most widely recognized consequences of stroke, which include reduced movement coordination, decreased postural control, and decreased upper-limb function ([@B157]). Such significant impairments in locomotive function can lead to limitations in independent mobility, thus strongly affecting patients' quality of life ([@B183]).

There is strong evidence that RAS can be effectively applied for timely motor control during gait training for stroke patients ([@B299], [@B300], [@B295]; [@B122]; for review see [@B287]; [@B127]; [@B296]; [@B193]; [@B333]). [@B299] found that patients who walked with RAS matched to their baseline gait cadence showed decreased stride time variability and more balanced muscular activation pattern between the paretic and non-paretic limbs. Recent studies also indicate significant effects of RAS on standing balance ([@B282]), and gait coordination and symmetry during normal overground walking ([@B216]; [@B234]; [@B161]; [@B330]) and treadmill training ([@B235]; [@B202]; [@B334]; [@B171]). Immediate effects of RAS training with tempo changes were also found on gait kinematics ([@B54]) and in relation to the lesion site ([@B148]). Finally, there is growing support for the use of RAS in gait training during the chronic phase of stroke to improve walking speed and functional mobility (e.g., [@B267]; [@B147]; [@B328], [@B329]).

Studies have also reported significant improvements in upper limb function after training with RAS (e.g., [@B319]; [@B293],[@B304]; [@B166]; [@B139]; [@B172]; [@B56]). For instance, [@B172] reported a significant decrease in compensatory reaching movements after a 2-week RAS training program, which consisted of patients moving between at least two targets by touching the digits of their affected hand to the assigned targets in synchrony with the auditory rhythmic stimuli. Another line of interventions has used RAC to prime and facilitate bilateral arm training, also known as BATRAC (for review [@B324]; [@B61]). As an example of BATRAC training, in [@B319] participants pushed and pulled bilaterally two independent bar handles in synchrony or alternation with rhythmic auditory cues. The authors found significant improvement in isometric strength, range of motion, and functional motor performance of the paretic arm after 6 weeks of intervention and also at an 8-week follow-up assessment. Additionally, there are indications that music-supported training using musical instruments can improve motor recovery of arm movements after stroke by inducing auditory-sensorimotor co-representation of movements (e.g., [@B293],[@B304]; [@B258], [@B257]; [@B233]; [@B6]; [@B7]; [@B9]; for a review on music-support training, see [@B337]).

### Movement Sonification

Technology-assisted therapy and rehabilitation seek to help patients in regaining the ability to independently perform daily activities and to facilitate their reintegration into social and domestic life by using advances in smart technologies or robotics (for reviews on robotic-assisted therapy, see [@B167]; [@B215]; [@B155]; [@B174]; [@B262]; [@B208]; [@B236]).

One of the first applications of sonification in a rehabilitation context was developed by [@B205], [@B206]). They sonified muscular activity using the temporal patterns in electromyography (EMG) by converting electrical impulses from muscles into auditory information. The goal of this sonification approach was to assist therapists to audibly analyze the complex signals originating from multiple EMG-sensors during physical activity. Several sonification methods and system prototypes have been developed in recent years (e.g., [@B58]; [@B78], [@B79]; [@B316]; [@B309]; [@B177]; [@B95]; [@B311]; [@B106]; see **[Supplementary Table 2](#SM1){ref-type="supplementary-material"}** for details). A growing body of recent research generally agrees that sonification is a promising feedback tool for patients and therapists, complementing existing analytical components in therapy (such as visual displays) (for an overview, see [@B133]; [@B81]). The following sections present an overview of current investigations in sonification for movement rehabilitation in PD and stroke.

#### Parkinson's disease

There has been growing interest in the application of sonification systems in neurologic rehabilitation focusing on improving gait in PD patients (e.g., [@B25]; [@B185]; [@B311]; [@B63]; [@B335]; [@B129]; [@B252]; see **[Supplementary Table 2](#SM1){ref-type="supplementary-material"}** for details). A sonification system that has received significant attention in recent years is the use of instrumented footwear ([@B44]; [@B94]; see review in [@B169]). These systems comprise of interactive shoes with embedded sensors that collect gait information (e.g., cadence, velocity, stride length), which are then used to trigger auditory cueing stimuli to inform both the therapist and the patient about the user's current state. Recently, [@B111] tested the effect of an instrumented shoe-insole-device for real-time sonification of gait (SONIGait; see also [@B129]). This sonification system mapped individual walking characteristics on to musical notes in order to provide gait spatiotemporal information. Results indicated that a 5-min practice phase with sonification increased gait velocity and cadence, opening the possibility for further testing of this real-time sonification device in large controlled trials. [@B232] tested two sonification systems using synthesized walking sounds to guide and improve gait coordination in PD. The first approach used computer-generated sounds of footsteps on gravel in order to convey ecological information regarding step lengths and duration, whereas the second approach involved real-time sonification of the swing-phase of gait by using motion-capture and audio processing software. Study results suggested that both methods had an effect on step length variability but did not alter step duration variability, suggesting that the presentation of auditory information within the patient's normal step duration range had an effect only on spatial characteristics of gait rather than temporal parameters.

A recent innovative line of motor learning based interventions have combined action observation and sonification to improve freezing of gait (see [@B107] for review). For instance, [@B182] presented videos showing an actor performing gait-related gestures while simultaneously presenting the sonification generated by the kinematics of each gesture. Patients were then asked to imitate the movements shown. This training protocol was completed twice a week for a total of 8 weeks by a group of 12 patients, whereas the control group practiced the motor gestures by means of visual (stripes on the floor) or auditory cues (metronome). Assessments conducted after the intervention and 3 months after the treatment suggested that the multisensory treatment significantly reduced the number of episodes and duration of freezing facilitating the priming effect generated by action observation, whereas no significant difference was observed for all mobility indices in the control group.

#### Stroke

External real-time auditory feedback has been extensively applied in upper-limb rehabilitation post-stroke (e.g., [@B178]; [@B57]; [@B317]; [@B66]; [@B138]; [@B46]; [@B97]; reviewed in [@B102]; see **[Supplementary Table 2](#SM1){ref-type="supplementary-material"}** for details). For instance, [@B57] and [@B317] tested a real-time multimodal sonification system which provided visual and auditory information in order to motivate arm reaching training for stroke patients. Specifically, arm movements triggered musical feedback that provided information about movement smoothness/jerkiness and speed of reach such that the acceleration of the motion during reaching and returning changed the musical intervals and harmonic progressions presented. Test results with three stroke patients reported in [@B317] suggested the feasibility of such sonification systems, opening new avenues for the application of this system in large-scale studies.

[@B259], [@B260]) investigated the effectiveness of a musical sonification therapy protocol to train gross motor function of upper extremities. For that, patients' arm movements were sonified in real-time using two inertial sensors placed at the wrist and upper-arm of the affected side. The 3D-movement data were transformed into sounds so that upward movements resulted in an ascending C major scale, vertical movements into changes in brightness/timbre of the sounds, and sagittal movements into changes in loudness. The final goal of the training was to teach patients to play simple melodies by moving their arm in a 3D-sonification space. Patients received an average of 10 days of musical sonification therapy or a sham sonification training that did not include auditory feedback. The study results indicated that patients in the music group improved in measures of motor function relating to the smoothness of reaching but no significant changes were observed in other arm-function measures. Additionally, findings suggested a reduction of joint pain in a subgroup of patients who presented lower pain scores prior to the commencement of the musical sonification therapy.

[@B255] tested an expanded concept for sonification in upper-limb stroke rehabilitation which included a mobile sonification system that provided 4D information about arm positions and trajectories as captured by inertial sensors. Specifically, hand position was mapped onto four acoustic parameters: arm velocity was mapped onto amplitude; elevation angle onto frequencies between 133.3 and 266.6 Hz; radial arm amplitude changed the impression of sound brightness; and azimuth angle determined the interaural intensity difference. Test results with seven patients indicated the potential application of this sonification system in larger clinical trials (see [@B254]).

[@B228] investigated the effect of sonification on upper limb movements after stroke. Patients performed a reaching task that involved reciprocal pointing to 9 targets while a sensor fixed to the hand processed online kinematic data and modulated the auditory feedback presented during movement. The study reported that the sonification had a positive effect on movement performance such as movement smoothness and trajectory curvature for patients with right hemisphere damage, while it worsened the performance of patients with left hemisphere damage. This result thus suggests that responses to auditory feedback may differ when the side of the lesion after stroke is taken into consideration.

Key Topic 3: Cognitive Mechanisms and Neural Correlates Underlying Auditory-Motor Coupling
------------------------------------------------------------------------------------------

There is robust evidence from multiple lines of inquiry that auditory information has a profound effect on the motor system. Physiological and neuroimaging research has demonstrated that one of the factors underlying this strong interaction is the widely distributed neuroanatomical network connecting the auditory and motor systems at the spinal cord, subcortical and cortical levels ([@B194]; [@B306]; [@B35]). For instance, studies investigating reflexive motor responses to sound have described neural pathways formed by descending (efferent) fiber tracts originating in the ventral cochlear nucleus that project bilaterally to sensorimotor tracts in the spinal cord via reticulospinal connections ([@B239]; [@B134]; [@B76]; [@B176]; [@B175]). Neuroimaging research has also identified rich neuroanatomical interconnectivity between several distant cortical and subcortical brain areas, including the cerebellum, basal ganglia, thalamus, supplementary motor area (SMA) and pre-SMA, premotor cortex, and the auditory cortex (for review, see [@B285]; [@B55]; [@B181]; [@B168]; [@B209]; [@B42]; [@B152]). Specifically, cortico-cerebellar networks have been shown to be predominantly engaged in movement synchronization to externally cued stimuli ([@B47]; [@B45]; [@B73]; [@B290], [@B305]; [@B322]; [@B173]; [@B55]), whereas basal ganglia-thalamo-cortical networks seem particularly involved in beat-based timing and self-paced or internally driven rhythmic movements ([@B116]; [@B65]; [@B220]; [@B113], [@B114]). Furthermore, recently emerging evidence also indicate that auditory and motor areas have direct routes of communication at cortical level via the arcuate fascicle, a white matter fiber tract with direct projections from the auditory cortex to motor areas, including primary motor cortex and premotor cortex ([@B93]; [@B318]).

Another crucial aspect is that the functional and structural architecture of the auditory system is built to rapidly detect temporal patterns of periodicity in acoustic signals. There is considerable evidence that the temporal resolution of the auditory system is superior to other sensory modalities (e.g., [@B222], [@B223]; [@B115]; [@B266]; [@B112]; [@B279]; [@B10]). Recent electrophysiological research has demonstrated that the temporal information of acoustic signals is highly preserved at all levels of the auditory processing stream and elicit a periodic neural response at the exact same frequency of the stimuli (for review, see [@B200]). Moreover, listening to auditory rhythmic stimuli primes the motor system, increasing the neural efficiency of the motor cortex through a process of auditory-motor entrainment ([@B64]). That is, the firing rates of auditory neurons triggered by auditory rhythmic information, such as the beat of the music or a metronome, entrains the firing patterns of neurons in the motor cortex. The oscillatory coupling of neural impulses in the cortical loop between auditory and motor regions generates temporal predictions that are crucial for the perception of, and entrainment to, auditory rhythms ([@B159]; [@B98]; [@B158]; [@B181]; [@B238], [@B237]; [@B186]). Therefore, the continuous time reference of the rhythmic auditory cues provides predictable feedforward information that allows movement anticipation and motor preparation ([@B297]). Additionally, it has been shown that external rhythmic auditory input also changes the pattern of muscle activation through changes in corticospinal excitability ([@B298], [@B294]; [@B184]; [@B321]; [@B281]), modulates beta (β) brain oscillations ([@B98]; [@B181]; [@B238], [@B237]), and promotes neural-plasticity ([@B166]). Collectively, these findings provide strong evidence of the neurobiological mechanisms underlying the effects of RAS on motor planning and execution.

The use of real-time movement information extends the benefits of discrete rhythmic auditory stimuli by adding an auditory component to the movement cycle either with natural movement sounds or movement sonification ([@B86]; [@B270]; [@B87]; [@B30]; [@B83]). Robust evidence suggests that merely listening to action-related sounds activates the neural processes necessary to produce those sounds (e.g., [@B16]; [@B162]; [@B210]; [@B17]; [@B101]; [@B48]; [@B207]; [@B3]; [@B90]; [@B307]; reviewed in [@B1]). [@B149] provided the first empirical evidence that premotor neurons in monkeys respond to the sound of a familiar action, expanding the notion that movements and their perceptual consequences are intrinsically coupled in the brain ([@B92]; [@B224]; [@B261]; [@B225]). In humans, research shows that acoustic information are sufficient to evoke accurate representations of complex movements ([@B221]; [@B313]; [@B163]; [@B189]; [@B263]; [@B140]; reviewed in [@B211]), activating superior and medial posterior temporal regions involved in human motion recognition ([@B32]; [@B27]; [@B241]; [@B253]; [@B256]). Importantly, motor resonance is associated with and strengthened by one's experience and familiarity with the actions observed/perceived, as demonstrated by studies comparing expert and novice responses to specific sports- or dance-related sounds (e.g., [@B2]; [@B126]; [@B310]; [@B327]; [@B191]). Further evidence of the role of learning and expertise has been provided by research showing that a network comprising areas such as dorsolateral and inferior frontal cortex (including Broca's area), superior temporal gyrus, and motor areas including supplementary motor and premotor areas, is engaged when experienced musicians listen to well-rehearsed music ([@B120]; [@B21]; [@B70]; [@B117]; see also [@B217]) or watch silent video recordings of known music pieces ([@B165]; [@B119]; [@B28]; [@B31]; reviewed in [@B170]; [@B199]). Activation of this network was also found when non-musicians listened to a music piece they had learned to play after a short period of training ([@B156]; see also [@B20]). These findings thus suggest that strong auditory-motor associations are developed during sound-making experiences, providing support for the use of real-time auditory feedback to enhance sensorimotor representations and facilitate movement (re)-acquisition.

It is also thought that the continuous availability of information provided by mapping different dynamic or kinematic movement parameters onto distinct sound components (e.g., pitch, loudness, rhythm, timbre) improves movement quality and motor (re)learning through the integration of multiple congruent perceptual streams ([@B259]; [@B89]; [@B106]), resulting in a richer and more effective internal representation of the movement ([@B265]; [@B326]; [@B256]; [@B87]). Furthermore, the availability of real-time auditory feedback also enhances online error-correction mechanisms ([@B82]; [@B130]; [@B269]; [@B315]), increases cognitive-emotional functioning ([@B314]; [@B8]; [@B271]), and may supplement perceptual deficits ([@B308]; [@B315]; [@B69]; [@B106]).

Discussion
==========

The studies here reviewed examined the relationship between sound and movement in the context of sports training and movement rehabilitation. Our narrative synthesis focused specifically on the literature regarding the effect of natural movement sounds, movement sonification, and rhythmic auditory information. The current state of knowledge here summarized provides promising evidence of the effect of auditory information on sporting performance and motor (re)learning.

The availability of auditory information in the form of natural sounds occurring as a byproduct of a movement or as additional real-time acoustic feedback driven by movement dynamic or kinematic parameters has significant implications for motor execution and control of skilled performances. The large body of research here reviewed indicates that auditory information provides crucial information about agency ([@B189]; [@B140],[@B141]), movement control and timing (e.g., [@B60], [@B59]; [@B246], [@B250]; [@B268]; [@B244]), movement execution (e.g., [@B2]; [@B150]; [@B26]; [@B192]; [@B331], [@B332]; [@B142]), and performance error/deviation (e.g., [@B128]; [@B109]; [@B325]; [@B110]; [@B219]; [@B284]). Behavioral data also suggest that the auditory-motor coupling generated during extensive training significantly interacts with athletes' internal motor simulation ([@B189]; [@B140],[@B141]; [@B212]), as shown by studies demonstrating that skilled athletes are able to extract highly specific information from action-related sounds (e.g., [@B226]) and predict another person's movements based on action prediction mechanisms (e.g., [@B51]; [@B49]; [@B4]). These findings corroborate a robust body of neuroimaging and neurophysiological studies indicating that the mirror neuron system and a widely distributed neuroanatomical network is involved in the processing of action sounds (e.g., [@B92]; [@B149]; [@B16], [@B17]; [@B32]; [@B162]; [@B210]; [@B207]; [@B307]; [@B256]).

Studies also demonstrated positive effects of auditory information on motor (re)learning in sports and rehabilitation. Research findings revealed that real-time auditory feedback facilitates learning and improves retention of new motor skills (e.g., [@B59]; [@B150]; [@B26]; [@B219]; [@B247]; [@B212]). There is growing support for the application of movement sonification to increase upper-limb functions after stroke (e.g., [@B317]; [@B138]; [@B255], [@B254]; [@B259], [@B260]; [@B102]), and to improve gait in PD patients using, for instance, instrumented footwear (e.g., [@B25]; [@B232]; [@B129]; [@B169]; [@B111]). These sonification approaches rely on the transformation of dynamic and kinematic movement parameters onto distinct sound components (e.g., pitch, loudness, rhythm, timbre) to increase cross-modal stimulation ([@B259], [@B260]; [@B106]) and sensorimotor representation of the movement to be (re)learned ([@B265]; [@B256]; [@B87]).

On the other hand, another line of clinical studies summarized in this review focuses primarily on the rhythmic patterns of sound, making use of metronome or beat-enhanced music to facilitate rehabilitation of intrinsically rhythmical movements ([@B286]; [@B291]; [@B188]; [@B105]). This robust body of research evidence indicates that RAS has immediate effects on gait velocity, step cadence, and stride length (e.g., [@B301]; [@B179]; [@B96]; [@B197]; [@B12], [@B13]; [@B132]; [@B273]; [@B204]), reducing gait variability ([@B184]) and improving walking stability in PD ([@B294]; [@B121]; [@B132]) and stroke ([@B299], [@B300], [@B295]; [@B122]; for review see [@B287]; [@B127]; [@B296]; [@B193]; [@B333]). Studies have also demonstrated that auditory cueing significantly improves upper-limb function after stroke by reducing movement variability and reliance on compensatory movements (e.g., [@B319]; [@B293],[@B304]; [@B166]; [@B139]; [@B172]; [@B56]). It has been proposed that the continuous time reference provided by the rhythmic auditory cues facilitates movement retraining by priming the motor system, allowing movement anticipation and motor preparation ([@B297]), and potentially bypassing damaged areas through the activation of alternative pathways ([@B125]; [@B67]; [@B43]).

We also identified a small number of studies that evaluated other variables influencing the effect of auditory information on motor performance, such as physiological arousal and motivation ([@B192]; [@B38]; [@B138]; [@B218]; [@B260]; [@B242]; [@B195]). [@B192] found that athletes' maintained peak performance and reduced performance variability in trials where high-intensity sounds were presented during the pressing phase of weightlifting exercises, and [@B38] reported changes in psychophysical and physiological outcome measures due to the motivational aspects of the stimuli during running. Novel therapeutic approaches, such as musical sonification ([@B260]), also considered the motivational aspects of adding real-time auditory feedback to stimulate patients and improve treatment compliance, thus opening new avenues to systematically examine the role of physiological arousal, motivation, reward, and mood in larger clinical trials. The potential use of interactive sonification systems in sports and rehabilitation has motivated researchers and engineers to develop applications and system prototypes for exercise and physical activity, rehabilitation, and entertainment (e.g., [@B24]; [@B160]; [@B95]; [@B46]; [@B63]; [@B218]; [@B195]; see **[Supplementary Material](#SM1){ref-type="supplementary-material"}**). These studies explore a wide range of devices and applications where the playful character of music or the competitive component of sports has inspired new technology-enabled forms of play (e.g., exertion or computer games) and therapy. Future applications of this technology in sports, recreation, and rehabilitation are yet to be fully explored.

The large body of literature here reviewed clearly shows an emerging area of clinical and applied research. However, there are important research gaps that need to be addressed in future research. Firstly, there is a clear need to better understand what auditory components and amount of information are most relevant in motor training and rehabilitation. This is not trivial, particularly in sonification applications, as research suggests that an overload of auditory information has detrimental effects on task performance (e.g., [@B325]) and that task-irrelevant auditory stimuli are strong distractors ([@B203]). The use of meaningful auditory information is, therefore, determinant for the user's experience ([@B87]; [@B84]) and needs to be considered in a clear framework for sonification mapping derived from a better understanding of the processes underlying motor learning/control from a basic research perspective ([@B82]). Research in the field of auditory information processing has great potential to promote active crosstalk between basic and applied research, with findings generated in the laboratory providing insights for the application in real-life situations, that being in sports training or therapy and rehabilitation, and vice-versa. Secondly, we have identified few studies using natural movement sounds or sonification in elite or high-performance sports. A challenge for future investigations is to evaluate novel applications in ecologically valid and real-life situations that closely resemble the athlete's movement technique and training conditions in order to better identify what type of information is most relevant and improve equipment setup, thus acquiring more reliable results. This depends directly on the development of procedures that are feasible for the systematic use in daily training. In addition, future research should also consider the way in which auditory information is presented to athletes and patients (loudspeaker vs. earplugs) in order to avoid, for instance, perceptual overload, and to ensure that the feedback information is properly delivered. From the clinical perspective, although there is growing attention on the application of sonification systems to improve motor function in PD and post-stroke, we have identified a relatively small number of controlled trials, revealing the need to further examine the effectiveness and feasibility of sonification methods and devices in larger controlled clinical studies.

Conclusion
==========

This review examined the relationship between sound and movement in the context of sports training and movement rehabilitation. The findings here summarized provide evidence of the effect of natural movement sounds, movement sonification, and rhythmic auditory information on sporting performance and motor (re)learning. This emerging area of clinical and applied research demonstrates large underutilized potential, warranting further investigation of the promising application of auditory feedback information in sports and rehabilitation.
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